It is known that bovine GH (bGH) transgenic mice have increased body mass, insulin resistance, and altered lipoprotein metabolism when fed a normal diet (ND). In this study, the effects of 8 wk of high-fat diet (HFD) were investigated in 6-month-old male bGH mice. Although littermate controls had unchanged energy intake, energy intake was higher in the bGH mice on a HFD than on a low-fat diet. Nevertheless, the bGH mice were resistant to diet-induced weight gain, and only in the bGH mice did the HFD result in increased energy expenditure. Glucose oxidation was higher in the bGH mice compared with littermate controls on both a HFD and ND. In addition, the bGH mice had 0.5 C higher body temperature throughout the day and increased hepatic uncoupling protein 2 expression; changes that were unaffected by the HFD. On a HFD, the effect of bGH overexpression on serum triglycerides and apolipoprotein B was opposite to that on a ND, resulting in higher serum concentrations of triglycerides and apolipoprotein B compared with littermate controls. Increased serum triglycerides were explained by decreased triglyceride clearance. The HFD led to diabetes only in the bGH mice. In conclusion, bGH transgenic mice were resistant to dietinduced obesity despite hyperphagia, possibly due to increased energy expenditure. On a HFD, bGH mice became dyslipidemic and diabetic and thereby more accurately reflect the metabolic situation in acromegalic patients. (Endocrinology 146: 920 -930, 2005) G H TRANSGENIC MICE have been extensively used to study long-term effects of GH overproduction. GH transgenic mice have increased body size (1), organomegaly (2), and reduced body fat mass (3-5). The correlation between GH and body fat is illustrated in ovine GH gene transgenic mice controlled by the metallothionine promoter, where zinc is used to regulate GH dosage. In that model, epidydimal and sc fat mass were found to decrease linearly with increased GH levels (4). GH transgenic mice are normoglycemic but highly hyperinsulinemic and show slightly impaired or normal glucose tolerance when fed normal chow (6). The bovine GH (bGH) transgenic mice also show several alterations in lipid and lipoprotein metabolism. These alterations include lower very-low-density lipoprotein (VLDL) levels, triglyceride levels, and hepatic triglyceride secretion rate and increased lipoprotein lipase activity (3). Furthermore, bGH mice also have higher high-density lipoprotein (HDL) and total cholesterol levels (2, 3).
G
H TRANSGENIC MICE have been extensively used to study long-term effects of GH overproduction. GH transgenic mice have increased body size (1), organomegaly (2) , and reduced body fat mass (3) (4) (5) . The correlation between GH and body fat is illustrated in ovine GH gene transgenic mice controlled by the metallothionine promoter, where zinc is used to regulate GH dosage. In that model, epidydimal and sc fat mass were found to decrease linearly with increased GH levels (4) . GH transgenic mice are normoglycemic but highly hyperinsulinemic and show slightly impaired or normal glucose tolerance when fed normal chow (6) . The bovine GH (bGH) transgenic mice also show several alterations in lipid and lipoprotein metabolism. These alterations include lower very-low-density lipoprotein (VLDL) levels, triglyceride levels, and hepatic triglyceride secretion rate and increased lipoprotein lipase activity (3) . Furthermore, bGH mice also have higher high-density lipoprotein (HDL) and total cholesterol levels (2, 3) .
Patients with acromegaly and GH transgenic mice share similar traits resulting from the elevated serum levels of GH, e.g. organomegaly, decreased body fat content (7), insulin resistance (8) , and disturbed lipoprotein metabolism (9, 10) . However, in contrast to acromegalic patients, who have elevated serum triglyceride levels and, in some individuals, elevated triglyceride secretion (9, 10) , bGH mice have lower triglyceride levels (3) . Moreover, acromegalic patients develop hyperglycemia, which does not occur in GH transgenic mice. The reason for these discrepancies may be due to differences between the species or due to the differences in terms of changes in other hormonal axis, e.g. unchanged or substituted cortisol deficiency in acromegaly and increased corticosterone levels in GH transgenic mice (11) . However, the differences may also be attributable to the larger intake of fat in humans than that contained in the ordinary mouse diet.
Other aspects of the regulation of metabolism that may be influenced by GH include food intake, energy expenditure (EE), and metabolic fuel preference, measured as respiratory exchange ratio (RER). The effect of GH on food intake has been studied both in man and experimental animals. GH has been shown to increase food intake in children (12) and in experimental animals (13) but not in all studies (14 -16) including bGH transgenic mice given ordinary low-fat chow (5) . It has also been shown that eating behavior changes after GH administration (16) . However, no studies have been per-formed to investigate the effect of GH on intake of low-vs. high-fat diet (HFD). It is generally accepted that GH increases lipolysis and fatty acid oxidation (17) . However, the effect of GH overproduction, as in the case of acromegaly, on RER is less clear (18, 19) , as is the relation between estimates of GH release and RER in young and old adults (20) .
It is a general finding in clinical GH studies that GH treatment (21) , as well as acromegaly, results in increased EE (18, 19) . However, few studies have addressed the influence of GH on EE (22) or body temperature in rodents (23) . In a previous paper (11) , we observed that bGH transgenic mice have an increased locomotor activity, indicating that they have an increased EE, but basal metabolic rate has not previously been investigated in these mice.
The consumption of a HFD fed ad libitum changes body composition and metabolic status, resulting in diet-induced obesity and altered levels of cholesterol, triglycerides, and insulin (24 -26) . However, important genetic differences exist, as illustrated by the observations that different mouse strains have different susceptibility to diet-induced obesity (26, 27) . Moreover, when findings in animal models are extrapolated to the human situation, HFD feeding better mimics the human diet in the Western world, where 30 -40% of the dietary energy comes from fat, compared with less than 10% in normal mouse chow.
The effect of GH on body composition, food intake, and EE, as well as lipid-and carbohydrate metabolism, during the influence of a HFD has not previously been studied. In this study, the effect of 8 wk of HFD was investigated in 6-month-old male transgenic bGH mice. We conclude that bGH transgenic mice are resistant to diet-induced obesity despite hyperphagia, possibly due to increased resting EE. The bGH transgenic mice became dyslipidemic and diabetic on a HFD and thereby more accurately reflect the metabolic situation in acromegaly compared with those fed a low-fat diet.
Materials and Methods Animals
In this study, 5-to 6-month-old bGH transgenic mice and littermate controls were used. The bGH mice have previously been described by Sandstedt et al. (28) . The mice were housed with a 12-h light, 12-h dark cycle (0700 -1900 h, with a 1-h dawn/sunset function) and had free access to tap water and mouse standard chow (R-34, Lactamin, Vadstena, Sweden) or HFD (R-638, AnalyCen Nordic AB, Lidkö ping, Sweden). The standard chow contained (in energy percent) 9.4% fat, 20.2% protein, 0.8% fiber, and 69.6% nonfat energy; and the HFD contained 39.9% fat, 17% protein, 0.7% fiber, and 42.3% nonfat energy. However, no cholesterol was added to the HFD. In all of the HFD experiments, the mice received a HFD for 8 wk before the analysis, except in one experiment of body temperature measurements where the mice only received a HFD for 4 wk. Six bGH male mice and eight littermate controls on either normal chow or a HFD were housed three per cage in two cages (bGH mice) or four per cage (controls) in two cages during recording of food intake. Every morning, for 5 consecutive days, the food in each cage was weighed.
The mice were anesthetized using medetomidine (Domitor, Orion Espoo, Finland; 0.5 mg/kg, ip) and ketamine (Ketalar, Parke-Davis, Detroit, MI; 75 mg/kg, ip) and killed by heart puncture. The liver, white adipose tissue (WAT), brown adipose tissue (BAT), and soleus muscle were excised and immediately frozen in liquid nitrogen and stored at Ϫ135 C. The study was performed after prior approval from the local ethics committee for animal experimentation at the Gö teborg University, Sweden.
Real-time PCR
Liver, skeletal muscle, BAT, and WAT from five bGH males and littermate controls on normal diet (ND) were homogenized. In addition, livers from five bGH mice and littermate controls on a HFD for 8 wk were homogenized. Total RNA was then extracted by Tri Reagent (Sigma Diagnostics, St. Louis, MO). First-strand cDNA was synthesized from total RNA using Superscript preamplification system (Life Technologies, Rockville, MD). Real-time PCR analysis was performed with an ABI Prism 7900 Sequence Detection System (Applied Biosystems, Foster City, CA) using FAM and TAMRA-or VIC and TAMRA-labeled fluorogenic probes. The expression of uncoupling protein (UCP) 1, UCP2, UCP3, peroxisome proliferator-activated receptor (PPAR)␣, sterol regulatory element-binding protein (SREBP)-1, apolipoprotein (apo)CIII, and fatty acid synthase (FAS) were normalized against mouse acidic ribosomal phosphoprotein P0 (M36B4). The relative expression levels were calculated according to the formula: 2 Ϫ⌬CT , where ⌬CT is the difference in cycle threshold values between the target and the M36B4 internal control (User Bulletin no. 2, PerkinElmer, Foster City, CA).
Surgical implantation of telemetry transmitters and signal acquisition
Radiotelemetry transmitters, designed to detect core body temperature, were implanted in bGH mice and littermate controls. The mice were anesthetized using medetomidine (Domitor, 0.5 mg/kg, ip) and ketamine (75 mg/kg, ip). A telemetry transmitter (TA11ETA-F20, weight 3 g; Data Sciences International, Inc., St. Paul, MN) was then implanted into the abdominal cavity through a midline incision. The abdominal incision was closed with staples. Anesthesia was reversed by atipamezole (Antisedan, Orion Espoo, Finland, 4 mg/kg, ip). Mice were allowed 5-7 d to recover from surgery. The cage with the animal was placed on a receiver plate, and the signal was collected using the Dataquest LabPRO Acquisition System (version 3.01, Data Sciences International, Inc.). The temperature signal was sampled at a frequency of 500 Hz, in 6-sec bursts, every 2 min for 48 h. Body temperature was then recalculated as 2-h averages and displayed as a 24-h curve.
Indirect calorimetric analyses
To determine the thermoneutral zone of bGH mice and littermate controls, the resting metabolic rate was measured at 24 C, 28 C, 32 C, and finally 36 C, for 2 h at each temperature, by indirect calorimetric analysis. A 1-h period was allowed for acclimatization, after which the VO 2 and EE were determined at the lowest level of O 2 consumption (VO 2 ) during the final hour of the measuring period and were expressed as milliliters of O 2 ϫ hours Ϫ1 ϫ (kilograms of body weight) Ϫ0.75 . EE (kcal/h⅐kg) was calculated using a rearrangement of the Weir equation as supplied by Columbus Instruments: (3.815 ϩ 1.232 ϫ RER) ϫ VO 2 . VO 2 and CO 2 production were measured using an indirect open circuit calorimeter with a flow rate of 500 ml/min and a chamber vol of 2.7-liters (Oxymax, Columbus Instruments, Columbus, OH; cage dimensions, 20 ϫ 10 ϫ 12.7 cm). The system was calibrated daily using a standard gas mixture (0.49% CO 2 -20.5% O 2 -79.0% N 2 ). Measurements were done pair-wise, and expired air was analyzed for a 30-sec period every 6 min using an electrochemical O 2 analyzer and a CO 2 sensor (Oxymax). Mice were conscious and unrestrained during the measuring period but did not have access to food or water during the VO 2 and EE measurements.
After 8 wk on the ND or HFD, VO 2 and EE of individual animals were measured at thermoneutrality (30 C). One hour of acclimatization was allowed, after which VO 2 and EE were determined at the lowest level of VO 2 during the final 2 h of the measuring period and were expressed as milliliters of O 2 ϫ hours Ϫ1 ϫ (kilograms of body weight) Ϫ0.75 . To determine the RER, the mice had free access to water and either normal chow or HFD ad libitum. The RER was calculated as VCO 2 
IVGTT (iv glucose tolerance test)
IVGTT was performed in 6-month-old bGH mice and littermate controls fed a ND or HFD for 8 wk. The studies were performed in the late morning hours after 4 h withdrawal of food from the cages. The animals were anesthetized with midazolam (Dormicum, Hoffman-La-Roche, Basel, Switzerland; 0.4 mg/mouse, ip) and a combination of fluanison (0.9 mg/mouse) and fentanyl (0.02 mg/mouse; Hypnorm, Janssen, Beerse, Belgium). Thereafter, a blood sample was taken from the retrobulbar, intraorbital, capillary plexus, after which the animals were given an iv injection of d-glucose (1 g/kg; British Drug Houses, Poole, UK). The vol load was 10 l/g body weight. Blood samples were then taken at 1, 5, 10, 20, 30, and 50 min (75 l) after the glucose load. The samples for glucose and insulin were taken in heparinized tubes; and after immediate centrifugation, plasma was separated and stored at Ϫ80 C until analysis. From the IVGTT, the glucose elimination rate was calculated as the glucose elimination constant (K G ), i.e. the elimination of glucose in percent per minute from min 1 to min 20 after iv glucose administration, as calculated after logarithmic transformation of data.
Serum and plasma analyses
Triglyceride and cholesterol concentrations were determined by enzymatic colorimetric assays (MPR2: TG/GPO-PAP and Chl/CHOD-PAP, Roche Diagnostics, Mannheim, Germany). Serum apoB concentrations were determined by an electroimmunoassay as previously described (3, 29) .
Plasma insulin was determined using a RIA with the use of a guinea pig antirat insulin antibody, 125 I-labeled human insulin as tracer, and rat insulin as standard (Linco Research, St. Charles, MO). Plasma glucose was determined with the glucose oxidase method (30) .
Size distribution of serum lipoproteins
Determination of size distribution of lipoproteins was performed by gel filtration using fast protein liquid chromatography (FPLC) equipment (Pharmacia Upjohn, Uppsala, Sweden) as described previously (3). Briefly, serum from six mice was pooled to a total vol of 1.5 ml and the density adjusted to 1.215 g/ml with KBr in 0.9% NaCl. After ultracentrifugation (35,000 ϫ g, 4 C, 24 h), the total lipoprotein fraction was recovered by aspiration and the final vol adjusted to 2 ml with FPLCbuffer (0.15 m NaCl, 0.01% EDTA, 0.02% NaAz, pH 7.3). After filtration through a 0.45-m low-protein filter, the sample was loaded on a 25-ml Superose 6B column (Pharmacia Upjohn) using a constant flow rate of 0.35 ml/min. Eluted samples were collected in 0.5-ml fractions. The fractions were stored at Ϫ20 C until assay. Triglycerides and cholesterol concentrations were determined with enzymatic colorimetric assays as described above. Western blots for determination of apoB in the fractions were performed as described previously (3).
In vivo hepatic triglyceride secretion rate
Triglyceride secretion rate in vivo was measured after iv administration of Triton WR1339 as described before (3, 31) . After a 5-h period without access to mouse standard chow (0700 -1200 h), anesthetized bGH mice and littermate controls were injected iv with Triton WR1339 (Sigma Diagnostics) diluted in saline (200 mg/ml) via the jugular vein (500 mg/kg body weight). Blood samples (70 l) were taken before and 30, 60, and 90 min after the Triton WR1339 injection. The triglyceride accumulation was linear during this time period. The triglyceride concentration was analyzed as described above. Triglyceride clearance (milliliters per minute) was calculated from the baseline fasting triglyceride concentration (micromoles per milliliter) and the hepatic triglyceride secretion rate (micromoles per minute).
Hepatic lipid content
Hepatic triglyceride content was determined as described before (3) . In brief, the livers were homogenized, and lipids were extracted. After evaporation of the final chloroform phase, lipids were dissolved in isopropanol, and triglyceride concentrations were determined as described above.
Statistics
Values are given as means Ϯ sem. Comparison between groups was performed with unpaired Student's t test or two-way or one-way ANOVA followed by Bonferroni's test. P values less than 0.05 were considered significant. When appropriate, values were normalized by logarithmic transformation.
Results

Food intake and body composition
Male bGH mice and littermate controls of 6 months of age were given a HFD for 8 wk and compared with corresponding mice receiving a ND. bGH mice fed a HFD had a similar final weight and weight gain as those receiving normal chow (Table 1) . However, littermate controls receiving the HFD had an increased body weight gain and final body weight compared with those receiving normal chow, indicating that the overexpression of GH protected mice from gaining more adipose tissue during a HFD. Retroperitoneal WAT weight was increased by the fat feeding in control mice but was unaffected in the bGH mice. Furthermore, the epidydimal fat depot weight tended to decrease in the bGH mice and to increase in the littermate controls on a HFD. Similarly, the BAT weight increased in the littermate controls and was unchanged in the bGH mice on the HFD. Liver weight was unaffected in either genotype by the HFD (Table 1) .
The food intake was recorded during 5 consecutive days in two groups of animals (three to four mice in each cage) per treatment group (the coefficient of variance, with respect to food intake between the two cages receiving the same treatment, was 15%). There was no difference in food intake or energy intake per gram body weight between the bGH mice and the littermate controls when fed normal chow (Fig. 1B) . However, 8 wk of HFD resulted in decreased food intake and unchanged energy intake in the littermate controls. In contrast, the bGH mice did not change their food intake and therefore increased their energy intake on a HFD (Fig. 1, A and B). We calculated food efficiency for the bGH mice and littermate controls according to the formula: body weight Values with different superscripts denote statistically significant differences between groups (P Ͻ 0.05, one-way ANOVA followed by Bonferroni post hoc test).
gain (grams)/food intake (grams). The bGH mice had a higher food efficiency on a normal chow (0.045) compared with littermate controls (0.016). However, on a HFD, the littermate controls (0.082) and the bGH mice (0.061) had a similar food efficiency.
Energy expenditure, VO 2 , and RER
Together these results indicate that the bGH transgenic mice prefer a HFD, alternatively that they increase their energy intake as a result of increased EE when receiving a HFD as indicated by the resistance to diet induced obesity. We therefore determined EE, VO 2 , and RER by indirect calorimetry.
First, the thermoneutral zone was determined, i.e. the temperature range where no energy is used for maintaining regular body temperature, in the bGH mice and littermate controls receiving normal chow. We found no difference in the thermoneutral zone between the bGH mice and littermate controls ( Fig. 2A) . However, EE was higher in the bGH mice compared with littermate controls (P Ͻ 0.05, 2-way ANOVA). After an 8-wk period of HFD, the bGH mice and littermate controls were compared with their respective control groups that had received ND, regarding VO 2 , EE, and RER (Fig. 2, B-E) . At thermoneutrality (30 C), EE was significantly higher in the bGH mice compared with respective controls both on the ND (ϩ14%) and on the HFD (ϩ51%). The HFD increased EE only in the bGH mice (ϩ27% bGH HFD vs. bGH ND; Fig. 2B ). VO 2 was higher in the bGH mice on a ND (ϩ29%) compared with littermate controls. The difference in VO 2 between the bGH mice and littermate controls was further enhanced by the HFD (ϩ68%) (Fig. 2C) . RER measurements revealed that both genotypes had the expected diurnal variation of RER on a ND, with a decreased RER during the light phase and an increased RER during the dark phase (Fig. 2D) . Interestingly, RER increased in the early afternoon in the bGH mice but at about 1900 h in the littermate controls, indicating a different feeding behavior in the bGH mice. Around noon, the genotypes had a similar RER, but the mean RER was higher in the bGH mice during the light phase (control, 0.81 Ϯ 0.02; bGH, 0.88 Ϯ 0.01, P ϭ 0.005) and during the dark phase (control, 0.89 Ϯ 0.02; bGH, 0.96 Ϯ 0.01, P ϭ 0.02), indicating higher glucose oxidation (Fig. 2D) . On a HFD, the diurnal variation in RER was less marked in both genotypes (Fig. 2E) .
Body temperature measurement and uncoupling protein expression
Because the bGH mice showed increased EE, we analyzed body temperature by telemetry transmitters that accurately measure body temperature in freely moving conscious mice. The telemetry analyses of body temperature showed that the bGH mice follow the normal diurnal body temperature variation but have an approximately 0.5 C elevation of body temperature throughout the day when fed normal chow (Fig.  3A) . In another experiment, the body temperature was monitored in the same way at three different occasions during a period of 4 wk on a HFD (Fig. 3B) . We hypothesized that the HFD would result in an increased body temperature in the bGH mice but not in the control mice. However, we found no significant effect of the HFD on body temperature in the two groups of animals.
To determine the possible contribution of the uncoupling proteins to the increased EE and body temperature in the bGH transgenic mice, we performed real-time PCR of UCP 1-3 mRNAs in liver, skeletal muscle, WAT, and BAT. We observed no difference in the gene expression of either UCP1, 2, or 3 in BAT or an effect of GH overexpression on muscle UCP3 expression (data not shown). However, we observed a 5-fold higher hepatic UCP2 expression (Table 2 ) and a 2.8-fold lower expression of UCP2 in WAT (data not shown) in the bGH mice compared with littermate controls on a ND. Hepatic UCP2 mRNA expression was unchanged by the HFD in the bGH mice but increased in littermate controls (Table 2) .
Serum lipids and lipoproteins
We have previously investigated the lipoprotein metabolism in bGH transgenic mice on a ND (3) . In that study, we found that the bGH mice had decreased serum triglycerides, decreased VLDL cholesterol and VLDL-apoB levels, and decreased hepatic triglyceride secretion compared with littermate controls. Hence, we decided to investigate the effect of a HFD on lipoprotein metabolism more thoroughly in the bGH mice (Figs. 4-6) . The high-fat feeding resulted in increased serum levels of cholesterol in the controls, but no effect of the diet was observed in the bGH mice (Fig. 4A) . Furthermore, fat feeding resulted in opposite effects on serum triglycerides in the bGH mice and littermate control (Fig. 4B) . A similar trend was observed regarding serum apoB levels (Fig. 4C) . Thus, the fat feeding experiments show that overexpression of GH results in dyslipidemia, including increased serum concentrations of cholesterol, triglycerides, and apoB (Fig. 4) .
To determine which lipoprotein fractions are responsible for these effects, we fractionated serum total lipoproteins using size exclusion chromatography and determined the content of cholesterol, triglycerides, and apoB in the fractions (Fig. 5) . In contrast to the situation when the mice received normal chow, the bGH mice had increased levels of cholesterol, triglycerides, and apoB in the VLDL/intermediate density lipoprotein fractions compared with littermate controls on a HFD (Fig. 5) . Because we previously observed a lower hepatic secretion of triglycerides in the bGH mice compared with littermate controls on a ND (3), we hypothesized that the bGH mice on a HFD would have a higher hepatic triglyceride secretion than the littermate controls. We therefore investigated the hepatic triglyceride secretion rate in another group of bGH mice and littermate controls after 8 wk on a HFD. However, the fat-fed animals of both genotypes had similar hepatic triglyceride secretion rates (Fig. 6A) , although a markedly higher serum concentration of triglycerides was observed in the bGH mice (Fig. 6B) . The higher serum triglyceride levels in the bGH mice on a HFD were explained by a decreased triglyceride clearance (Fig. 7C) . In contrast, when the mice were fed a ND, there was no difference in triglyceride clearance between the bGH mice and controls (controls, 43.3 Ϯ 13.3 ml/min; bGH, 59.0 Ϯ 12.3.ml/min, P ϭ 0.43) (calculations are based on data in Ref.
3). Thus, fat feeding resulted in a more pronounced decrease in triglyceride clearance in the bGH mice compared with littermate controls.
We have previously shown that overexpression of GH results in increased lipoprotein lipase activity in both adipose tissue and heart (3). However, apoCIII mRNA expression We found decreased mRNA levels of PPAR␣, SREBP-1a, SREBP-1c, and FAS in the bGH transgenic mice on a HFD compared with littermate controls (Table 2) . These results indicate a further decrease in lipogenesis, as well as ␤-oxidation, in the bGH mice in contrast to control mice as a result of a HFD. We therefore investigated the liver content of triglycerides in bGH mice and littermate controls after 8 wk of high-fat feeding. The liver triglyceride content was lower in the fat-fed bGH mice compared with the fat-fed controls (4.0 Ϯ 0.2 mol/g liver vs. 4.9 Ϯ 0.2 mol/g liver, P Ͻ 0.05).
IVGTT
One of the features of insulin resistance is a decreased turnover of triglyceride-rich lipoproteins and hypertriglyceridemia (33, 34) . Elevated serum levels of GH have been shown to result in insulin resistance both in humans and animal models. Also a HFD fed ad libitum leads to obesityinduced insulin resistance. We therefore performed an IVGTT and compared the plasma levels of glucose and insulin in bGH mice and littermate controls receiving either normal chow or a HFD, to separate the contributing components GH and HFD in insulin resistance.
The bGH mice were hyperinsulinemic, but normoglycemic, on a ND (Fig. 7A and Table 3 ). The hyperinsulinemia was aggravated by the intake of the HFD in both genotypes ( Fig. 7B and Table 3 ). Despite the increased serum insulin levels, the bGH mice became diabetic and had an impaired glucose elimination rate (K G ) when fed a HFD, in contrast to the controls (Fig. 7C and Table 3 ).
Discussion
The interaction between GH and HFD on weight gain, EE, and lipid and carbohydrate metabolism has not previously been investigated. We showed that bGH transgenic mice are resistant to diet-induced weight gain and obesity despite hyperphagia on a HFD. Moreover, we showed that the bGH transgenic mice increase their energy intake and EE on a HFD in contrast to control mice, indicating that the dietary fat induces an increased EE that results in increased food intake. Furthermore, we extended our previous findings of altered lipoprotein metabolism in bGH transgenic mice on a ND (3) by showing an opposite effect of GH overexpression on serum levels of triglycerides and apoB when the mice were given a HFD. Thus, the HFD resulted in dyslipidemia only in the bGH mice. Moreover, only the bGH mice became diabetic on a HFD. Together, our results show that the bGH mice on a HFD more accurately reflect the metabolic situation in acromegaly, for which they have long since been a model.
In line with a recent study (5), we observed no effect of GH overexpression on food intake of a ND. However, the bGH mice were clearly hyperphagic when fed a HFD. An appetite- promoting effect of GH has also been seen in a replacement study of children with Turner syndrome and Silver Russell syndrome who suffer from growth retardation (12) . However, many food intake studies in rodents have failed to show an effect of GH on food intake (5, 14 -16) . It can therefore be speculated that the lack of, or small, effect on food intake observed in different GH models depends on the low percentage of fat in the food. The appetite-promoting effect of GH found in this study further strengthens the already approved treatment of AIDS wasting with GH where only the anabolic effects of GH have previously been acknowledged (36) . Based on these experimental studies, the effect of the dietary-fat content on EE should be evaluated when treating AIDS patients with GH.
We observed that the RER increased in the early afternoon in the bGH mice but several hours later in the littermate controls. This finding indicates that the transgenic mice eat more during the light phase, which is in line with the finding of another study (16) showing that GH treatment of Zucker rats made them eat more during the day period without changing the total food intake. Thus, it can be concluded that the effect of GH on food intake is dependent on the content of dietary fat and that GH probably influences the diurnal rhythm of food intake.
In search for possible explanations for the complete resistance to diet-induced obesity of the bGH mice, we investi- gated EE. We found that the bGH mice had higher EE on a ND, that clearly increased by a HFD. This mimics the human situation where GH substitution to GH-deficient patients (17, 21) , as well as acromegaly, increases EE (18, 19) . However, it is not known whether the effect of GH on EE in humans is maintained on a low-fat diet. OЈSullivan et al. (18) observed that oral glucose increased EE in controls only, and not in acromegalic patients, indicating that low-fat diet might mitigate the calorigenic effect of GH overexpression.
Several alterations in other hormone levels have been described in these bGH transgenic mice, including increased serum levels of IGF-I (3), corticosterone, and T 3 but lower levels of T 4 (11) compared with littermate controls. Increased T 3 levels may explain the increase in EE. However, in an elegant clinical study comparing the effect of GH and T 3 on EE, it was concluded that increased T 3 levels as a result of GH treatment cannot solely explain the calorigenic effect of GH (37) . Increased corticosterone levels have several effects on intermediary metabolism, including decreased insulin sensitivity. However, it is unlikely that the effects on EE in the bGH mice are mediated by corticosterone, because acromegalic patients and GH treatment result in increased EE without concomitant changes in glucocorticoid levels. Moreover, dexamethasone treatment of lean mice decreases EE (38) . Infusion of glucose and insulin to normal adults has been shown to increase EE (39) , indicating that the hyperinsulinemia and hyperglycemia observed after fat feeding of the bGH mice may contribute to increased EE. However, the marked insulin resistance of the bGH mice might also counteract the calorigenic effect of hyperinsulinemia and hyperglycemia.
Few studies have addressed the influence of GH on EE or body temperature in rodents (22, 23) . In another study of bGH transgenic mice, VO 2 tended to be lower in the transgenic mice compared with controls. It was concluded that shivering thermogenesis is reduced but body temperature is unchanged in these animals (22) . The reason for the different results is most likely due to differences in the experimental setup. They used restrained mice and measured the body temperature for an hour, whereas we measured the body temperature for 24 h in freely moving mice using telemetry. In line with our results, Hauck et al. (23) observed that GH receptor knock-out mice have reduced body temperature, indicating that marked changes in GH action for a prolonged period influence body temperature in both directions.
The liver and kidney size and, to a lesser extent, the heart and intestine size have been shown to account for more than 50% of the strain variation of EE in laboratory mice (40) . The livers of bGH mice account for approximately 9% of the body weight, which is twice that of littermate controls, indicating that the change in liver size might contribute to the increased EE in the bGH mice. We also noted that the brown-fat pad (BAT) size was increased in the bGH mice, which is in contrast to a previous observation (41) . In that study (41) , they also observed lower expression of UCP-1 in the BAT depot, in contrast to our results. The reason for the discrepant results is unclear but may be due to the difference in age of the mice in the two studies. UCP1 has been implicated in thermogenesis by uncoupling the ATP production in the mitochondrial respiratory chain (42) . The closely related UCP2 and UCP3 also function as uncouplers (43) , but their metabolic role is less clear. Because UCP1 is exclusively expressed in BAT, its role in adult humans is thought to be minor, because they have minimal amounts of BAT. Therefore, the attention has been focused on UCP2, which is expressed in most tissues, and UCP3, which is mainly expressed in skeletal muscle (44, 45) . Different polymorphisms in UCP2 have been linked to EE and substrate specificity for energy production (46, 47) . Taken together, these findings indicate that higher expression of UCP2 in the enlarged livers of bGH mice might contribute to the increased EE observed on a ND. However, the contribution of UCP2 to the increase in EE observed in the bGH mice on a HFD, compared with those on normal chow, remains unclear. We have previously shown that hepatic gene expression of enzymes in ␤-oxidation is lower in the bGH mice (48) . This, together with the present finding of increased RER, indicates that fatty acids in the liver, to a lesser extent, are used for energy production. However, they can activate UCPs (43) . We also observed that UCP2 expression increased by the dietary fat in littermate controls, in contrast to the bGH mice, indicating that the bGH mice are resistant to the stimulatory effect of fatty acids on UCP2 expression. UCP2 mRNA levels have previously been shown to be up-regulated by fatty acids and PPAR␣ agonists (49, 50) . The down-regulation of PPAR␣ in the liver in the bGH mice, especially in the fat-fed state, might contribute to the unresponsiveness of the bGH mice.
We have previously studied hepatic gene expression in bGH mice on a ND and showed that they have reduced hepatic gene expression of SREBP-1c and lipogenic enzymes (48) . Now, we extend these studies by showing a decrease in SREBP-1a mRNA levels in the bGH mice, compared with littermate controls, when fed a HFD. This finding shows a novel regulation of SREBP-1a and that the combined action of chronic overexpression of GH and HFD might reduce the hepatic de novo lipogenesis. Moreover, FAS and SREBP-1c decrease by fat feeding in bGH mice, whereas fat feeding had no effect or even tended to increase the expression of FAS in the control mice. These results shows that overexpression of GH represses the expression of genes involved in de novo lipogenesis.
Fat feeding altered the effect of GH overexpression on lipoprotein metabolism. Instead of decreased triglyceride secretion, unchanged triglyceride clearance, and decreased serum triglyceride levels on a ND (3), the fat feeding resulted in similar triglyceride secretion, markedly decreased triglyceride clearance, and hence increased serum triglyceride levels in the bGH mice compared with littermate controls. The increased serum triglyceride levels were associated with increased apoB levels in the VLDL/intermediate density lipoprotein fraction, showing that an increase in the number of lipoprotein particles in these fractions was responsible for the change. Because GH has been shown to markedly increase lipoprotein lipase activity in both mice and rats (3, 51) , it is possible that our findings of increased hepatic apoCIII expression take part in the decreased triglyceride clearance. However, it must be pointed out that other mechanisms may be involved in the changed triglyceride clearance, including VLDL size, apoCI or CII levels, or the activity of lipases other than lipoprotein lipase. We are not aware of any experimental studies on the effect of GH on apoCIII expression or plasma levels, but it has been shown that GH treatment of children results in increased plasma apoCIII levels (35) . Together, these findings show that fat feeding results in dyslipidemia of bGH mice that is not observed when these mice are given normal chow. The RER was increased in the bGH mice, compared with littermate controls, on both diets. Increased glucose oxidation has also been reported in acromegalic patients (18) . The reason for this can be speculated upon but is further supported by the decreased hepatic expression of PPAR␣ in bGH mice on a HFD, indicating decreased hepatic ␤-oxidation. In line with the finding of increased RER, we have also observed that the hepatic expression of genes involved in fatty acid activation, ␤-oxidation, and ketone body formation is decreased in the bGH transgenic mice (48) . This was also reflected in the decreased capacity of these mice to produce ketone bodies, both in the fed and fasted states (48) . Together, these results may give a clue to the interesting result that young adults, but not old adults, show a positive correlation between RER and measures of GH secretion (20) .
We found that bGH mice on a ND were severely insulin resistant, because they had markedly elevated insulin levels in the presence of normal glucose levels. Furthermore, because they had normal glucose elimination after an iv glucose challenge, it is clear that their hyperinsulinemia is adequate, i.e. the islet function seems normal. In contrast, after a HFD, when insulin resistance worsens, the hyperinsulinemia is inadequate, in view of the increased glucose levels and the glucose intolerance. Hence, the limit for islet compensation is reached in these mice. In fact, the insulin levels actually declined after glucose administration. This finding is hard to explain, but it is a clear indication of severe islet dysfunction. The elevated glucose levels were in the range of diabetic animals, and therefore the combination of bGH transgene and high-fat feeding is a challenge, inducing diabetes. The diabetic effect is due to a combined effect on insulin action, resulting in insulin resistance, and on islet function, resulting in inadequate hyperinsulinemia.
In conclusion, bGH transgenic mice were completely resistant to diet-induced obesity despite hyperphagia, possibly due to increased EE. Elevated body temperature and increased hepatic UCP2 expression may, together with increased locomotor activity (11) , explain the increase in EE. Furthermore, the bGH transgenic mice became dyslipidemic and diabetic on a HFD. Thus, the bGH transgenic mice more accurately reflect acromegalic patients, with respect to metabolic parameters, when fed a HFD. Based on these findings, it would be interesting to investigate the effect of dietary manipulations on EE, RER, and lipid metabolism in acromegalic patients, anticipating that a change toward a carbohydrate-rich diet will reduce EE and ameliorate the dyslipidemia, as well as the carbohydrate metabolism.
